Glycosaminoglycans
Partially Proteoglycan (PG) is a macromolecule in which variable numbers of glycosaminoglycan (GAG) chains are covalently linked to core proteins. GAG is the sugar polymer with a repeating unit composed of glucuronic acid and sulfated hexosamine residues. PG, along with collagen and glycoprotein, is a component of the extracellular matrix which offers the physiological environment in vitro for anchorage-dependent parenchymal cells such as hepatocytes. Adult rat hepatocytes in primary culture are known to form a monolayer, but rapidly lose differentiated functions on adherent substrates such as collagen and anchorage glycoproteins.
Recent investigations have shown that GAG strongly affects the morphology of cultured cells (9, 19) and various phenotypic expressions (13, 19) . Although PG (9) .
We recently showed that adult hepatocytes formed multicellular spheroids by interaction with the PG fraction that was isolated from rat liver reticulin fibers and coated in a plastic dish (17) . We analyzed the GAG moieties of the PG fraction and investigated their ability to participate in the formation of spheroids. GAGs; in the DS-coated dish, cells assembled to form hemispheroids in 72 h, while cells in the HS-coated or HP-coated dishes formed multilayer islands (Fig. 6) . The cell assembling form did not change during the 7 days of culture (data not shown). When the PG fraction and the GAG were added into the culture medium instead of the coating dish, cells formed multilayer islands as observed in the HS-coated dish and often those closer to a monolayer (data not shown).
MATERIALS AND METHODS

Isolation
DISCUSSION
Adult rat hepatocytes assembled to result in multilayer islands and undetached hemispheroids in a dish coated with GAG in the primary culture using serum-free medium. The GAG used included that identified in the PG fraction, which was isolated from rat liver reticulin fibers and had previously demonstrated the ability to induce floating multicellular spheroids in the same culture condition as used in this experiment.
DS, HS and an unidentified GAG were the glycan moieties of the PG fraction. Distinguished high molecular weight proteoglycan molecules (more than 300,000 and about 200,000) were also identified in the fraction. Previous investigations on GAG in rat liver tissue indicated that HS, DS, HP and ChS are the major GAG types, of which HS is the most abundant type accounting for 47-85% of the total amount of GAG (7) . However, in this work DS was more abundant than HS by estimation with the intensity of stained GAG spots in the electrophoresis. A similar result was obtained for the equivalent human PG fraction2). Why DS was abundant in our preparation is unknown. Possible considerations were that 1) the majority of HS was lost during the isolation of reticulin fibers, since HS mainly presented in association with the plasma membrane (11), and 2) distribution of GAG deposits in insoluble extracellular matrix was different from that in tissue. Little has been known about PG molecules in liver reticulin fibers and even in liver tissue, because it has been difficult to isolate without degradation during the isolation procedure. However, we were able to identify broad but distinct bands, which were co-stained with alcian blue and Coomassie Blue. Similar broad bands of different molecular weights were also identified in the preparation obtained from humans2). Since the PG fraction had the ability to induce unusual assembling of adult hepatocytes, further characterization of the responsible components is required.
On the other hand, DS and HS, the GAG moieties of the PG fraction, could not form complete floating multicellular spheroids when they were tested for the ability to substitute for the PG fraction in this process. They only formed undetached hemispheroids and multilayer islands, both of which were considered to be the intermediate forms between floating spheroids and a monolayer. Since in the noncoated dish the cells formed only a monolayer, as observed for usual hepatocyte culture, this GAG appeared to have some ability to induce spheroids. It was of interest that the hemispheroids were considered to be closer to spheroids than multilayer islands and were frequently observed in dishes coated with DS. Since proteo-DS inhibits binding of fibroblasts to fibronectin and thus no spreading was observed (9), DS might have contributed in the formation of hemispheroids by inhibiting spreading. Although DS might have strongly contributed to the formation of complete spheroids by the PG fraction, involvement of other elements such as protein moieties and an unidentified GAG moiety must be further investigated, since the substitution of DS for the PG fraction was only partial. Intensive investigations on hepatocyte-GAG interaction have been recently reported by Reid et al. (4, 13, 19) , and have shown that various types of GAG added into medium could induce hepatocytes to be cuboidal in shape in monolayer, to retain tissue-specific mRNA and to preserve gap junctions. Cell assembling of the highest density, which they designated as "strong contraction", and was obtained by addition of carragenans and dextran sulfates into the medium, was quite similar to the multilayer island observed at 72 h of culture in the dish coated with HS in our experiment. The spheroid that was induced by the coated PG fraction exhibited much closer intercellular interactions than the multilayer island, a higher ability to secrete albumin and a very poor proliferating ability1). We did not assay the differentiated functions of the hemispheroids and the multilayer islands induced by coated GAG, but the intermediate assembling was considered to exhibit an intermediate level of phenotypic expression, since similar assembling (multilayer island) formed by the coated glycoprotein fraction, which was prepared from the fraction unbound to the column in Fig. 1 , exhibited the intermediate level of phenotypic expression between spheroid and monolayer 1).
Interestingly, the ability of coated GAG to form hemispheroids and multilayer islands was noticeably reduced when the same and even ten times higher amount of GAG were added into the medium. This finding may explain the difference between the assembling obtained in our experiment and previous studies. Hepatocytes only became cuboidal in shape in monolayer by culture in GAG-containing medium (4, 13, 19) , whereas here, they induced hemispheroids or multicellular islands by GAG-coated substrate. Therefore, the presence of GAG in a different manner was suggested to exert different cell assembling.
In conclusion, GAG identified in glycan moiety could partially substitute for the PG fraction in ability to assemble cultured hepatocytes into multicellular spheroids and thus suggested the presence of hepatocytematrix interactions. As the mechanism of formation of spheroids in the PG-coated dish is not known yet, further investigation is required. 
